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Introduction
Rhodamine B (RhB) is a chromophore from a family of xanthene dyes that is commonly used as an active medium in tunable lasers [1] [2] [3] due to its high fluorescence quantum yield (f). It also finds a wide range of applications in materials science, chemistry and biology as a sensitizer in solar cells, 4 as a molecular probe, 5 as an electrochemical luminescence sensitizer, 6 as a water-tracing agent, 7 as a biological stain, 8 etc. High fluorescence quantum yield (>0.5) is observed in solution of RhB at low concentrations (10 À4 to 10 À6 M), [9] [10] [11] [12] [13] [14] whereas at higher concentrations (>10 À3 M), the quantum yield decreases rapidly to less than 0.1.
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Currently, it is widely accepted that the quenching occurs via internal conversion and intersystem crossing in the excited states of aggregates (e.g., dimers) of dyes in solution. 11, [16] [17] [18] Indeed, xanthene dyes can form aggregates in polar solution due to the strong electrostatic and dispersion interactions between the dye molecules. For instance, RhB forms dimers in aqueous solution with an equilibrium constant of 2100 M À1 , at 20 1C. 19 Therefore, the fluorescence quantum yield of aqueous RhB can be strongly affected by dimerization, because dimers of RhB in water can only make a weak contribution to fluorescence, whereas they are capable of strong optical absorption. 20 It was suggested [21] [22] [23] that the intersystem crossing between the singlet and the triplet excited states can take place in RhB dimeric species thus leading to a radiationless decay channel that can not be realised in the monomeric species.
Because this mechanism is widely accepted, a large number of experimental works dealing with the synthesis of novel dye lasing materials attempt to avoid or decrease the possibility of dimer formation. 8, 11, [24] [25] [26] [27] [28] [29] [30] It was assumed that larger concentrations of dyes and reduced aggregate formation could be achieved via incorporating dyes into solid matrices or attaching them to polymer chains. However, many of these works ended up with lower quantum yields as compared to aqueous dyes. [24] [25] [26] [27] [28] Therefore, it is desirable to investigate the fluorescence quenching mechanism and to analyze whether the intersystem crossing can be responsible for the low quantum yield in dimeric species. Direct experimental evidence of the fluorescence quenching via intersystem crossing in dimers is rather difficult to obtain. Furthermore, we are not aware of experimental or systematic ab initio theoretical studies which attempted to establish the relative ordering of the singlet and triplet excited states in RhB dimers. Thus, the purpose of this work is to fill this gap.
In this article, we undertake a time-dependent density functional theory(TD-DFT) study of the ground and the lowest singlet and triplet excited states of monomeric cationic RhB and of various conformations of dimeric (RhB) 2+ 2 species. The primary purpose of this study is to investigate the feasibility of the fluorescence quenching via the intersystem crossing mechanism and to analyze possible ways of reducing the quenching. Special attention is paid to the chargetransfer excitations in RhB dimeric species, which will be shown to play an important role in the fluorescence quenching. The relative role of intra-molecular and charge-transfer excitations in dimeric species is analyzed with the help of a simple analytic model derived in this work. Theoretical methods and models used in the present work are described in section 2. The computational results for monomeric and dimeric RhB species are presented and analyzed in section 3 and a possibility to reduce the fluorescence quenching is discussed.
Models and method of calculation
In the liquid phase, RhB can exist in three conformations: cationic, lactonic, and zwitter-ionic as shown in Fig. 1 . While cationic and zwitter-ionic conformations exist in polar solvents, cationic in acidic and zwitter-ionic in basic solution, lactonic is only found in non-polar or polar aprotic solvents. 31 It is also observed that the cationic and zwitter-ionic conformations fluoresce, but not the lactonic. In solution, there exists an equilibrium between different forms of RhB. [32] [33] [34] [35] However, in this work, we will focus on the cationic form, the most common conformation when RhB is anchored on the polymeric substrate, because attachment of RhB dyes to polymer chains is usually done via their carboxyl group. 27, 36, 37 The dimeric species considered in the present work are shown in Fig. 2 . Full geometry optimization was carried out for monomeric RhB and partial geometry optimization was carried out for dimeric species: the intermolecular distance was optimized while keeping all other geometric parameters fixed at their values in the monomeric species (see section 3.2). In these calculations, the solvent effects are included via a conductor-like polarizable continuum model (CPCM). 38 The counter ions, Cl À , are not taken into account.
The singlet and triplet excited states of the dimeric species are calculated with the use of TD-DFT. To simplify the identification of the excited states in dimeric RhB species, we used a simple four-electron-four-orbital model, eqn (1), described in more detail in the ESIw. This model takes into account only frontier molecular orbitals (MOs) of dimers which are formed as the in-phase and out-of-phase linear combinations of the HOMOs and LUMOs of the monomers. This results in four frontier orbitals of the dimer upon aggregation (Fig. 3) . The many-electron states of dimer are constructed as the linear combinations of the Slater determinants corresponding to different populations of the four frontier orbitals.
The lowest excited states are the spin-adapted linear combinations of the singly excited determinants (see ESIw): four singlet excited states and four triplet excited states of the dimer. These excited states can be classified as: two intramolecular (local) singlet excitations (IE-S), two charge-transfer singlet excited states (CT-S), two intramolecular triplet excitations (IE-T), and two charge-transfer triplet states (CT-T) (Fig. 4) . The CT-S and CT-T states are degenerate within this model, which simplifies the identification of the respective states in the TD-DFT calculations.
In eqn (1), e 0 is the HOMO-LUMO gap of the monomer and
are the exchange integrals between the respective HOMOs and LUMOs of the monomeric units. Depending on the parameters of the model, the CT states may be found within the same energy interval as the intramolecular excitations. Because the energies of chargetransfer excitations in TD-DFT suffer from the self-interaction error (SIE), which may lead to an artificial stabilization of these states with respect to the intramolecular excitations, an a posteriori asymptotic correction from the DSCF calculation 39, 40 was applied to the excitation energies of the charge-transfer states of dimers. 
Results and discussion
In this section, we analyze the excited states of the monomer cationic RhB and dimeric RhB species with the use of density functional calculations. Several density functionals are applied to optimize the molecular geometry of these species and to calculate their electronic excitation energies. Based on these calculations, a functional that yields the excitation energies in the best agreement with the experiment is selected. With the use of this functional, the relative ordering of the intramolecular and charge transfer (CT) excited states of the RhB dimeric species as a function of the mutual orientation of the monomeric units and the distance between them is investigated. Implications for the fluorescence quenching are also analyzed.
Excited states of RhB monomeric species
Calculations of the monomeric cationic RhB species are carried out with the use of the BLYP, 41, 42 B3LYP, 43, 44 and BH&HLYP 45 density functionals and the 6-311G* basis set. Geometry optimization in the gas phase and in aqueous solution have been carried out with the use of the respective density functional and the lowest singlet and triplet excitation energies were obtained in the TD-DFT calculations using the optimized geometries. The obtained excitation energies are compared in Table 1 with the available experimental data. This comparison shows that the BLYP density functional yields the excitation energy of the cationic RhB in water in the closest agreement with the experiment (see Table 1 ).
TD-BLYP/6-311G* predicted two absorption peaks for monomeric cationic RhB + in water: at 528.18 nm (S 0 -S 1 transition with the oscillator strength f = 0.85) and at 404.61 nm (S 0 -S 4 with f = 0.13). The latter, which is somewhat underestimated by TD-BLYP, corresponds to the RhB + experimental absorption peak in the UV region (ca. 360 nm). 47 The lowest S 1 singlet excited state corresponds to the excitation of a single electron from the highest occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO).
The lowest T 1 triplet excited state corresponds to the HOMO-LUMO transition and lies 0.79 eV below the S 1 state (Fig. 5) . This makes the singlet-triplet interconversion quite improbable, because due to a very weak spin-orbit coupling the intersystem crossing in organic molecular systems can occur only via surface crossing points. Given such an energy difference it is not expected that the surface crossing may occur sufficiently close to the Franck-Condon point. Thus, these observations are consistent with the experimental result, that there is a high quantum yield of fluorescence in the monomeric form of RhB.
Excited states of RhB dimeric species
To achieve a qualitative understanding of the optical properties of dimeric RhB species a partial geometry optimization was deemed sufficient. During the partial geometry optimization, the geometries of the monomeric units were kept fixed and only the distance between these units and the angle between the molecular planes of the monomers were optimized. The BLYP density functional and the 6-311G* basis set were used in the optimization. The calculations were carried out in aqueous solution using the CPCM solvation method. Because the Cl À counter-ions were not included in our calculations, only local minima on the otherwise repulsive potential energy curves of the (RhB) 2+ 2 species were obtained. Local energy minima are found at a distance of 3.655 Å for the oblique J-dimer and at 6.129 Å for the H-dimer, while no local minimum was found for the tilted J-dimer configuration.
For comparison, the H-dimer geometry was fully optimized with the BLYP/6-311G* method in aqueous solution. The root mean square deviation (RMSD) of the atomic coordinates in the fully optimized and in the partially optimized dimer geometries amounts to 0.485 Å (0.243 Å per monomer unit). Given the small RMSD value it is not expected that the use of fully optimized geometries may lead to noticeable differences in the calculated excitation spectra. Furthermore, the full geometry optimization could not be finished for all the dimeric species due to certain technical difficulties experienced in the CPCM calculations. Therefore, for the sake of consistency, the partially optimized geometries of the dimeric species were used throughout this work. Using these geometries, the excitation energies of the H-dimer and the oblique J-dimer were calculated with the three density functionals, BLYP, B3LYP, and BH&HLYP. In the (RhB) 2+ 2 species, the most important low-lying electronic excitations are the superpositions of the transitions between the frontier orbitals of the dimer: (HOMO À 1) -(LUMO), (HOMO À 1) -(LUMO + 1), (HOMO) -(LUMO), and (HOMO) -(LUMO + 1). As discussed in section 2, the frontier orbitals of (RhB) 2+ 2 are the superpositions of the HOMO and the LUMO of the two monomers. Analysis of the excitation amplitudes and orbital transitions obtained from the TD-DFT calculations shows that the S 1 and S 2 singlet excited states and the T 3 and T 4 triplet excited states have intermolecular charge-transfer character. As shown in Fig. 6 , the pairs of states S 1 -T 3 and S 2 -T 4 are degenerate. This is in accord with the 4-electron-4-orbital model which predicts occurrence of the degenerate pairs of singlet and triplet states with charge-transfer character. The S 3 and S 6 singlet excited states and the T 1 and T 2 triplet excited states of the dimer are the superpositions of the intramolecular excitations of the two monomers. The dipole allowed transition S 0 -S 6 has the oscillator strength f = 1.62 whereas transitions to the other states have vanishingly small (S 3 ) or zero (S 1 and S 2 ) oscillator strengths. Thus the absorption spectrum of the dimeric (RhB) 2 2+ species is dominated by the S 0 -S 6 excitation. In Table 2 , the S 0 -S 6 excitation energies obtained from the TD-DFT calculations with the three density functionals are compared with the experimentally observed maximum of the absorption spectrum. Similar to the monomeric cationic RhB species, the BLYP density functional yields the excitation energies in the best agreement with the experiment. Therefore, the further analysis of the fluorescence quenching is based on the TD-BLYP/6-311G* results.
The charge-transfer singlet and triplet excited states of the dimeric (RhB) 2+ 2 species are affected by the electron selfinteraction error inherent in approximate density functionals. The SIE results in an artificial lowering of the excitation energy of these states as compared to the intra-molecular excitations. The magnitude of the lowering can be evaluated with the use of the DSCF approach (which is self-interaction free) whereby the CT excitation energy for a dimer at large intermonomer separation is evaluated as a sum of the ionization potential of the donor (D) unit and the electron affinity of the acceptor (A) unit.
At large intermonomer separation in the (RhB) 2+ 2 dimer, transfer of one electron between the monomer units results in the (RhB) 0 -(RhB) 2+ configuration. Therefore, in the CT excited state, there is no long-range electrostatic interaction between the donor and acceptor units. Hence, the difference between the CT excitation energy obtained in a TD-DFT calculation at large intermonomer separation and the DSCF energy (eqn (2)) can be used as a correction to the CT excitation energies obtained in TD-DFT calculations at shorter intermonomer separations R. We believe that with the use of the corrected CT excitation energies,
the bulk of the SIE in the TD-DFT CT excitation energies of the (RhB) 2+ 2 dimer is compensated. To obtain the corrected TD-DFT CT excitation energies, E TD-DFT corr-CT , the TD-BLYP/6-311G* excitation energies of (RhB) 2+ 2 were calculated at various intermonomer separations. Because beyond R = 10 Å the CT singlet and triplet excitation energies remain constant, the E TD-DFT CT at R = 40 Å was taken as a reference value E TD-DFT CT (N) for use in eqn (3). From eqn (3), a correction of 0.687 eV was obtained for the TD-DFT CT excitation energies. The corrected CT singlet and triplet excitation energies of the (RhB) 2+ 2 dimer are reported in Table 3 along with the intramolecular excitation energies.
At the equilibrium intermonomer separation in the H-dimer (see Fig. 6 ), the corrected CT singlet excitation energies occur between the intramolecular excitation energies. It is noteworthy that the two CT singlet excited states fall below the optically accessible S 6 state. Of note, in a recent theoretical study, Pabst and Ko¨hn 50 found that the charge-transfer excited states may occur below the intramolecular excited states in p-stacked systems. It can therefore be conjectured that, in H-dimers, an internal conversion of the excitation from the optically accessible singlet excited state to the CT singlet excited states may take place. This conjecture is indirectly confirmed by the experimental observation by Wasielewski and co-workers 51, 52 of the fluorescence quenching due to spontaneous charge separation resulting from interaction with the solvent and fluctuations of the molecular geometry. It was also found experimentally by Loutfy and Sharp 53 that, in xanthene dyes, the fluorescence quenching may occur as a result of a bimolecular photoredox reaction that involves intermolecular electron transfer in the excited states.
The suggested internal conversion should result in a considerable decrease of the fluorescence quantum yield, because a large fraction of the excited state population is transferred to optically dark (CT) states. Furthermore, because the CT triplet excited states are (nearly) degenerate with the CT singlet excited states, there are favourable conditions for the intersystem crossing which can lead to the formation of long-living triplet excited states. Thus, the results of the TD-DFT calculations on H-dimers help to understand the experimental observations of fluorescence quenching in H-dimers. 9, 15 For the cationic oblique RhB J-dimer, the TD-BLYP/ 6-311G* calculations yield two major absorption peaks: at 524.0 nm with the oscillator strength f = 1.05 and at 533.3 nm with f = 0.56. The first peak corresponds to the S 0 -S 3 excitation and the second to the S 0 -S 6 excitation (see Fig. 7 ). Thus, both intramolecular excited states of the RhB J-dimer are populated via the optical excitation. It is noteworthy though that the CT singlet excited states (corrected for the SIE as described above) lie above the intramolecular excited states. Although the energy gap is rather narrow, ca. 0.05 eV (430 cm À1 ), it may result in a considerably reduced probability of population of the CT states via the thermal excitation (kT E 360 cm À1 at 300 K). Thus, there should be almost no quenching of fluorescence in the RhB J-dimers due to internal conversion to the CT excited states. This result is consistent with the experimental observation of fluorescence from the (RhB) 2+ 2 J-type dimers, which is more intense than from the H-dimers and occurs in the range between 570 nm and 590 nm. 49 It is interesting to note that the population of the intramolecular excited states depends on the mutual orientation of the monomer units in the dimer. Thus, in the (RhB) 2+ 2 H-dimer, the upper, S 6 , state is predominantly populated via the optical excitation, whereas in the J-dimer both states, S 3 and S 6 , are populated. If it were possible to populate only the lower state via the optical excitation, it would help to enhance the fluorescence from this state, because quenching due to the internal conversion to the CT states would become less significant. The dependence of fluorescence on the mutual orientation of the monomer units in aggregates of chromophores has been studied by McRae and Kasha 54 with the use of the point dipole approximation. Although this approximation is valid only at large intermolecular separations, our TD-DFT calculations on RhB dimers yield results which are consistent with the McRae-Kasha model.
To study the orientational dependence of the low lying excitations of the (RhB) 2+ 2 dimers, we carried out TD-BLYP/6-311G* calculations on the dimers with varying dihedral angle between the planes of the monomer units. In these calculations, a number of dimeric structures were generated varying between a co-facial arrangement of the monomer units (as in the H-type dimer) and a co-planar arrangement with both monomers lying in the same plane. Table 4 shows the results of the TD-DFT calculations for the low lying excitation energies as a function on the interplanar dihedral angle a (Fig. 8) .
In a co-facial dimer with a collateral orientation of the intramolecular transition dipole moments the optical excitation occurs predominantly to the upper, S 6 , intramolecular excited state, whereas, in a co-planar dimer with collinear orientation of the transition dipole moments of the monomers, it is the lower, S 3 , state that is populated via the optical excitation Table 3 Dependence of the TD-BLYP/6-311G* excitation energies of the (RhB) 2+ 2 H-dimer on the intermonomer distance. The CT excitation energies are corrected for the SIE using eqn (3 ( Table 4) . At the intermediate dihedral angles, both states, S 3 and S 6 , have non-zero oscillator strength which become (nearly) equal at the angle of 88.51. These results are consistent with the McRae-Kasha model which predicts that, at a collateral orientation of the transition dipole moments of the monomer units, the optical transition occurs to the upper state (S 6 , in our case), at a collinear orientation, the transition occurs to the lower state and, at an angle a of ca. 80.61, both intramolecular excited states of the dimer are equally populated.
From the described dependence of the oscillator strength on the mutual orientation of the monomer units in the dimer, it can be concluded that the geometric conformations in which the transition dipole moments of the monomers are (nearly) collinear should be beneficial for the fluorescence quantum yield. Indeed, in these conformations, the lowest of the intramolecular excited states of the dimer is predominantly populated via the optical excitation. Because this state is below the CT excited states and the other intramolecular excited state, the probability of internal conversion to any of these states is rather low and the quantum yield of fluorescence is expected to be large.
Conclusions
The low lying excited states of the cationic rhodamine B, RhB + , and various conformations of the cationic (RhB) 2+ 2 dimer were studied with the use of TD-DFT calculations employing the BLYP density functional and the 6-311G* basis set. The excitation energies obtained in the TD-BLYP/6-311G* calculations are in a good agreement with the experimentally observed absorption spectra of the monomeric and dimeric RhB species. On the basis of our calculations, the observed quenching of fluorescence in RhB dimers can be explained due to internal conversion of the optically bright intramolecular excited state to the (optically dark) states with the intermolecular charge-transfer character. This conclusion is supported by the experimental observation of the fluorescence quenching in dimers of perylene-based chromophores which occurs via spontaneous charge separation in the excited state. 51, 52 Therefore, the suggested fluorescence quenching mechanism may have rather general character and may occur in various fluorescent systems, such as xanthene dyes, organometallic-based sensitizers for solar cells, 55, 56 etc. The TD-DFT calculations predict that the CT excited states of the (RhB) 2+ 2 dimers occur in the same narrow energy range as the (optically active) intramolecular excited states. This creates a possibility for the internal conversion to the CT excited states and results in a considerable reduction of the fluorescence quantum yield. However, ordering of the excited states of RhB dimers depends on the mutual orientation of the monomer units. Thus, in the H-dimer arrangement, the strongly absorbing intramolecular excited state lies above the CT excited states, whereas in the J-type dimers a reversed ordering of the excited states is observed. It can therefore be suggested that, for obtaining a higher fluorescence quantum yield, e.g. in solid-state dye laser applications, the conformations of dimers in which the monomer units have (nearly) collateral arrangement of the transition dipole moments should be avoided. It is expected that, in synthetic systems with the dye molecules incorporated into a solid-state matrix or anchored on a surface, the greatest fluorescence quantum yield can be acheived if the arrangement of dye molecules is reminiscent of the J-type dimers with the angle between transition dipole moments varying in the range 801 o a o 1801. 
